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ABSTRACT 

 

 

The early Eocene Habib Rahi Limestone of the North Waziristan, Sulaiman Basin 

has been studied for microfacies analysis, depositional model, diagenesis, and reservoir 

potential.This study is mainly focused on investigating and assessing reservoir quality 

using depositional and diagenetic processes. The Formation is composed of medium to 

thick-bedded, hard, highly fossiliferous, fractured limestone with interbedded shale and 

marls. Five microfacies have been identified based on the relative estimated ratio of 

allochems constituents and micrite. These microfacies are Mudstone, Wackstone, Wack-

Packstone, Packstone, and Peloidal Grainstone and comprises larger benthic forams such 

as Nummulites, Assilina, Alveolina, Milliolids, Lockhartia, Orbitolites, and green algae. 

Based on mineral composition, fossil assemblages, and micritic matrix, the depositional 

environment for the Habib Rahi Limestone is interpreted as proximal inner ramp to distal 

middle ramp environment. The diagenetic processes observed in this study include 

micritization, cementation, dissolution, neomorphism, pyritization, mechanical and 

chemical compaction, stylolitization, sparitization, fracturing, and veins. The depositional, 

diagenetic, and deformation processes are the controlling factors of the distribution of 

porosity and permeability. The primary reservoir characteristics of this formation are 

highly affected by diagenetic processes developing it into a productive reservoir. Fracture 

and dissolution are significant mechanisms that increased the reservoir potential of the 

Habib Rahi Limestone at both the microscopic and macroscopic levels. In the studied 

section, the visually estimated average micro porosities of the Habib Rahi Limestone range 

from 0.5 to 2.1%. Intergranular porosity, dissolution porosity, moldic porosity, and fracture 

porosity are among the recognized porosity types. 
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CHAPTER 1 

 

 

 

 

INTRODUCTION 

 

 

 

 

1.1 General Description 

 

The Sulaiman Range is situated on the northwestern boundary of the Indian Plate 

and constitutes the middle part of the Indus basin also known as Sulaiman Basin (Sarwar 

and Dejong, 1979; Jaumé and Lillie, 1988). Sulaiman Range is one of the largest mountain 

ranges of Pakistan occupying a major portion of the Middle Indus Basin. Sulaiman (Middle 

Indus) Basin is the largest, oldest, and traditionally gas-producing region in Pakistan 

(Kadri, 1995). This range is an established gas-prone area with many discoveries such as 

Sui, Uch, Zin, Pirkoh, Loti, Kandhkot, Jandran, Qadir pur, & Savi Ragha (Kadri, 1995). 

Sulaiman (Middle Indus) Basin is composed of a thick sedimentary sequence ranging in 

age from the Upper Paleozoic to Recent (Shah, 1977, 2009). The Paleogene sequence of 

Sulaiman (Middle Indus) Basin acts as a good source and reservoir for hydrocarbon 

exploration (Kadri, 1995). Clastic, carbonate and mixed clastic-carbonate rocks represent 

the Paleogene succession (Shah, 1977, 2009). 

The study area has diverse and unique geology and in the terms of regional 

geological setting, it is located in the northern apical part of Axial Belt or Sulaiman Range. 

From an exploration point of view, the area is virgin because no such type of activities has 

been done due to security risks. The study area is composed of carbonates rocks. 

Carbonate rocks are a variety of sedimentary rocks which are mainly composed of 

carbonate minerals. The two major types are Limestone, which is composed of calcite or 

aragonite (different crystals forms of CaCO3 and dolostone, which is composed of the 

mineral dolomite (CaMg (CO3)2). Carbonate rocks are made up of particles that are more 

than 50% carbonate minerals embedded in cement. The majority of carbonate rocks form 

as a result of the accumulation of bioclasts produced by calcareous organisms. As a result, 

carbonates rocks form in areas favorable to biological activity, such as shallow and warm 

waters with little to no siliciclastic input. 
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Carbonate depositional environments and petroleum reservoir characteristics can 

be predicted using microfacies analyses and diagenetic studies of carbonate rocks (Scholle 

and Scholle 2003; Flügel 2004). It is essential to understand the type, nature, and structure 

of the carbonate shelf to develop reservoir units for hydrocarbons exploration (Kenter et 

al., 2005; Santantonio et al., 2013; Ni et al., 2016). The fundamental texture, mineralogy, 

chemical composition, and reservoir potential of carbonate rocks are all influenced by 

digenesis (Swart, 2015). 

Eocene rocks are widely deposited in Pakistan. The extension of these rocks from 

the northern Himalayas to the southern parts of Arabian Sea. The thickness of the Eocene 

succession extends from a few hundred meters (in the northern sub-basin) to approximately 

4000 meters (Axial belt in the south). Carbonates have an impact on the lithology of 

Eocene age rocks in Pakistan (Kadri, 1995). On the other hand, marine sediments 

(carbonates & shales) and localized evaporites were discovered in northern sub-basins. The 

highest percentage of hydrocarbon is found in Eocene-age rocks (Kadri, 1995). Carbonate 

sequence of Eocene age i.e., Sui Main Limestone, Habib Rahi, Sakesar, and Chorgali 

Formation have proven hydrocarbon reservoirsin Pakistan (Kadri 1995). In this study, the 

Habib Rahi Limestone of Eocene age was targeted for microfacies analysis and diagenetic 

study. 

 

1.1 Location and Accessibility of the study area 

 

Administratively the study area is situated at Shinki Post along the road in North 

Waziristan Khyber Pakhtunkhwa Pakistan. The area is easily accessible through Bannu-

Mirali Road. Geologically, the study area signifies the frontal part of the northern Sulaiman 

Range. 
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Figure 1.1 Location and accessibility map of the study area (ArcGIS). 

The study area lies between Latitude 32º 56´ 07.83ʺ N to 32º 56´ 08.80ʺ N longitude 

70º 22´ 26.01ʺ E 70º 22´ 22.41ʺ E and in the Sulaiman Basin, North Waziristan as shown 

in figure 1.1. The study area is located approximately 25km away from main Bannu city 

in the northwestern vicinity.  

1.3 Literature Review 

 

  In1922, Stuart conducted the first geologic investigations in North Waziristan 

Agency, revealing the presence of Jurassic and Cretaceous rocks in the area for the first 

time. Fatmi and Khan (1966) designated the Kurram Group as the Mesozoic rock of the 

Orakzai Agency and Waziristan Agency. Hemphil and Kidwai (1973) put the rocks of 

Waziristan in chronological sequence for the first time, with excellent columnar sections 

and faunal descriptions of the region. Miessner et al. (1975) constructed a geological map 

of the Parachinar Quadrangle and designated the area's Mesozoic rocks as the Kurram 

Group. Beck et al. (1995,1996) made a regional sketch map of the area using Landsat 

pictures and indicated the existence of Mesozoic rocks. Ahmad et al., (2000) described the 

lithostratigraphy of Kurram group rocks along with Mirali-Miran Shah road, North 
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Waziristan Agency, NWFP Pakistan while Badshah (2000) explained the stratigraphy and 

tectonic evolution of the North-western Indian plate and Kabul Block. Shafique (2001) 

worked on the Spatial Biostratigraphy of NW Pakistan.  

Microfacies, biostratigraphy, environments of deposition, and magneto-

stratigraphy of Paleogene strata in various sections of Lower Indus Basin have been studied 

extensively (i.e., Iqbal, 1969; Friedman et al., 1992; Downing et al., 1993; Welcomme& 

Ginsburg, 1997; Afzal, 1996; Afzal et al., 1997; Welcomme et al., 2001; Warraich and 

Nishi, 2003); Métais et al., 2009; Rehman et al. (2017); Umar et al., 2020). Howard et al., 

described the Foraminiferal Biostratigraphy and microfacies of the Eocene Kirthar 

Formation, western Sulaiman Fold-Thrust Belt, Baluchistan, Pakistan.However, In the 

northern part of Sulaiman Range such information is missing for these rock units. Beck et 

al., (1995), Pivnik and Wells (1996) described Tethys closure in the Kohat and Potwar 

basins, as well as the Paleogene succession exposed there in Trans Indus Ranges. Roddaz 

et al., 2011; Zhaung et al., 2015, documented the movement history of the Indian plate 

along its western boundary using geochemical and geochronological data from rock units 

in the eastern range of Sulaiman and Southern Indus Basin. According to them, the suturing 

of India and Asia took place in the west about 50 million years ago.Umar et al., 2020) 

Microfacies, diagenesis and hydrocarbon potential of Eocene carbonate strata in Pakistan. 

The study conducted in this dissertation presents the Habib Rahi Limestone. 

The Stratigraphic Committee derived the name Habib Rahi Formation from "Habib 

Rahi Limestone" of Tanish et al., (1959)and “Habib Rahi Member” of Meissner et al., 

(1968) and reported this formation in the Kohat quadrangle and Sulaiman Range. Initially, 

this formation was known Platy Limestone by La Touché (1893). The stratigraphic 

analysis of Habib Rahi Formation at North and South Waziristan of Sulaiman Ranges has 

done by Shah (1999). However, the detail microfacies and diagenetic study and reservoir 

capability of Habib Rahi Formation is still missing in the proposed study area. This study 

is carried out to collect information about detail microfacies and diagenetic investigation 

of Habib Rahi Formation to demarcate different microfacies, to interpret probable 

depositional model, to uncover all types of diagenetic alterations and to find out the impact 

of these modifications on the reservoir characterization of the proposed formation. 
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1.4 Problem Statement 

 

The proposed study area is basically virgin in the context of exploration for 

hydrocarbons due to security risks. The equivalent stratigraphic units of the proposed area 

have been investigated for hydrocarbon exploration in Sulaiman range and now the oil 

industries are successfully producing hydrocarbons from Sulaiman Basin. Main theme of 

the proposed research project is to find out the reservoir potential in the carbonate 

succession of Eocene age, which act as proven reservoir in Sulaiman Basin. One mega 

research project under title “Source Rock Mapping and Investigation for Hydrocarbons 

Potentials in Federally Administrative Tribal Areas” by NCEG, University of Peshawar 

was carried out but was not successfully completed due to security risks.  

 

1.5 Aims and objectives of the present study 

 

Habib Rahi Limestone lies in favorable zone for petroleum system in a mature 

basin (Indus Basin). There is a strong need for detail study of Habib Rahi Limestone under 

the light of after mentioned aspects. The present study is carried out in order to create a 

conceptual depositional model of Habib Rahi Limestone and to know its diagenetic 

alteration processes after the deposition, involved in the modification of limestone of 

Habib Rahi Formation. For this detail field observations were recorded in the proposed 

study area and best exposure of Habib Rahi Limestone were marked. The main objectives 

of this research work include are: 

1. To determine the microfacies of Habib Rahi Limestone. 

2. To interpret depositional model for Habib Rahi Limestone. 

3. To determine diagenetic types and establish a model of diagenetic events. 

4. To determine the effects of diagenesis on porosity. 

 



6 
 

 
 

CHAPTER 2 

 

 

 

 

REGIONAL TECTONIC SETTING AND STRATIGRAPHY 

 

 

 

 

2.1 REGIONAL TECTONIC SETTING 

 

Pakistan is a part of the Indian subcontinent, bounded to the south by the Indian Ocean and 

the north by the Himalayas (Figure 2.1), both of which are the result of geodynamic 

processes such as sea-floor spreading, continental drifting, and collision of platetectonics 

(Kazmi & Jan, 1997). 

Initially, The Indus Basin sediments were deposited within the Paleo-Tethys, which 

is situated in central and eastern parts of Pakistan, along the northwestern passive 

continental margin of the Indo-Pak Subcontinent (Malkani, 2010). These sediments 

accumulated and were intensely folded during the orogenesis of the Himalayas, which 

formed the collision between Indian and Eurasian plates at around 55 Ma closing the Neo-

Tethys Ocean (Powell, 1979; (Beck et al., 1995; Warraich and Nishi, 2003). The collision 

caused Himalaya to rise, as well as the formation of numerous folds and thrust belts which 

now flank the northern and western margins of the Indo-Pakistan plate (Figure 2.1). These 

belts are more than 100 Kilometers extend along a succession of lobes i.e., Salt, Sulaiman, 

and Kirthar Ranges, while in India where the width of the fold and thrust belt is less than 

50 Kilometer (Figure 2.1). The northern boundary of the Indo-Pak plate remains 

convergent in Pakistan (i.e.,the Salt Range and Potwar Plateau), whereas oblique collision 

with the Afghan Block formed the Sulaiman and Kirthar Ranges in a transpressional zone 

towards the northwest and west, respectively (Figure 2.1) (Stonely, 1974; Powell, 1979; 

Kazmi and Rana, 1982). Different thrust systems are responsible for the development of 

various tectonostratigraphic zones of Pakistan. Shah (2009) divided these zones which 

includes; Indus Basin (includes Kohat-Potwar province, and Sulaiman-Kirthar province), 

Axial Belt (includes Southern sector from Arabian Sea and Northern sector to Hazara area), 

Baluchistan Basin (includes Chagai-Raskoh province and Makran Accretionary province), 



7 
 

 
 

Himalayan Tectonostratigraphic Basin, Kohistan Island Arc and Karakoram-Hindukush 

Tectonostratigraphic Basin.  

 The Indus Basin has situated in the central and eastern parts of Pakistan. The Indus 

basin is divided into three sections: the Upper Indus basin (Kohat and Potwar), the Middle 

(Sulaiman) Indus basin, and the Lower Indus basin (Kirthar). Axial Belt separates the Indus 

basin from the Baluchistan Basin (Malkani, 2010). The Sulaiman basin is one of the largest 

Basins covering approximately 170,000 Km² area (Malkani, 2010). The Sargodha Highs 

and Pezu uplift border the Sulaiman Basin to the north, Khairpur-Jacobabad highs (Sukkur 

Rift) to the south, Indian Shield rocks to the east, and the Axial Belt to the west (Kadri, 

1995; Malkani, 2010). From west to east, the major tectonic zones of the Sulaiman Basin 

include the arc-shaped Sulaiman Fold Belts, the arc-shaped Sulaiman Foredeep, and a 

monoclonal zone called Punjab Monocline (Kadri, 1995; Malkani, 2010).  

The study area is located in North Waziristan, which is a part of Sulaiman Basin. 

Waziristan forms the northwest part of the Indus Basin and is geographically situated at 

the northern edge of Axial belt and Sulaiman Range. The substantial fold and thrust system 

are bounded on the west by a zone of Ophiolites, the Chaman Fault, and the rocks of 

Katawaz basin (Khurshid et al., 1992).  
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Figure 2.1: Tectonic framework and sedimentary basins of Pakistan (Farah et al.,1984; 

Kadri, 1995). Inset shows the entire Himalayan and Sulaiman-Kirthar ranges (after 

Najman,2005). Red colour rectangular inset shows the study area. 
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2.2 Stratigraphy of the Sulaiman Basin 

 

The Sulaiman Basin is characterised by a thick sequence of sedimentary rock 

ranging from the Triassic period to recent (Shah, 2009). The Wulgai Formation is the 

oldest rocks exposed in this basin, which is of the Triassic age (Raza et al, 1989). 

Stratigraphy of Sulaiman Basin is documented by many researchers such as (Raza et al., 

2001; Shah, 2002; Kazmi and Abbasi 2008; Shah, 2009; and Malkani, 2010).  

 The Wulgai Formation contains variegated shales with limestones and siltstone 

interbeds. The Spingwar Formation of the Jurassic age comprised of micritic limestones, 

shales, and marl beds in the basal part while sandstones and subordinate limestone, shales, 

and marls in the upper part, covers the Wulgai Formation. The Spingwar Formation has 

the conformable upper contact with the Loralai Formation having limestone, shale, and 

marls interbeds. The Chilton Limestone overlies the Loralai Formation. The Chilton 

Limestone is comprised of variegated limestone having conformable upper contact with 

the cretaceous age deposits named as Sembar Formation.  

The Sembar Formation contains black silty shales with interbeds of black siltstone 

and nodular argillaceous and glauconitic limestone beds (William, 1959). The Sembar 

Formation has conformable upper contact with the Goru Formation. The lithology present 

in this formation is interbedded limestone, shale, and siltstone. The Parh Limestone 

containing limestone, calcareous shale, and marl intercalations (Khan, 2012) covers the 

Goru Formation. The Parh Limestone has conformable upper contact with the Mughal Kot 

Formation of the Late Cretaceous. The Mughal Kot Formation comprises calcareous 

mudstone and calcareous shale with intercalation of quartzose sandstone and argillaceous 

limestones (Hemphill and Kidwai, 1973). The Mughal Kot Formation has conformable 

upper contact with the Fort Munro Formation which contains limestones with marls 

intercalations. The Pab Formation having sandstones, marls, and argillaceous limestone 

are interbedded. The Pab Formation is covered by the Ranikot Formation of early to middle 

Paleocene comprising of variegated sandstone, shale, and limestone (Kadri, 1995). The 

Ranikot Formation has conformable upper contact with the Rakhi Gaj Formation of the 

Late Paleocene age.  

Rakhi Gaj Formation consists of shales with subordinated sandstones and few 

limestone bands. The Dungan Formation containing nodular limestone with subordinate 

shales, marls, sandstones, and limestone conglomerates. The Dungan Formation has 
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conformable upper contact with the Shaheed Ghat Formation of early Eocene. This 

Formation is comprised of variegated clays with subordinate beds of limestone, marl, and 

fossiliferous marly clays. The Drug Formation covers the Shaheed Ghat Formation and 

contains pebbly nodular limestone interbedded with the variegated color shales. The Drug 

Formation has conformable upper contact with the Toi Formation. The Toi Formation 

comprises sandstone, siltstone, conglomerates, silty claystone, and shales. The Toi 

Formation is covered by the Ghazij Shales which contains variegated shales, siltstones, 

conglomerates, and silty claystone (Malkani 2010).  The Ghazij Shales is overlain by the 

Habib Rahi Limestone comprised of hard limestone, interbedded marls, and shales. The 

Habib Rahi Limestone has conformable upper contact with the Domanda Formation 

having claystone and sandstone. The Domanda Formation is covered by the Pirkoh 

Formation which containing limestone and claystone (Shah, 2009). 

The Pirkoh Formation has conformable upper contact with the Darzinda Formation 

of late Eocene age. The Darzinda Formation consists of clays with marl interbeds at places. 

The Darzinda Formation has conformable upper contact with the Chitarwata Formation of 

Oligocene age. Chitarwata Formation comprises of siltstone, sandstone and shale 

(Hemphill and Kidwai, 1973). The Chitarwata Formation has conformable upper contact 

with Miocene age deposits of the Vihowa Formation which include shales, sandstones and 

conglomerates. The Vihowa Formation is covered by the Litra Formation containing 

sandstones, subordinate shales, and conglomerates. The Litra Formation has conformable 

upper contact with the Chaudhwan Formation of Pliocene age comprised of alternating 

shales/mudstones, sandstones, and conglomerates. The Chaudhwan Formation is covered 

by the Dada Formation of Pleistocene age deposits which include conglomerates, shales, 

and sandstones. The Dada Formation is covered by the surficial deposits of recent age 

(Malkani, 2012).  
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Figure 2.2  Showing the generalized stratigraphy of Sulaiman Fold Belt (Kadri 1995).
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CHAPTER 3 

 

 

 

 

METHODOLOGY AND FIELD OBSERVATION 

 

 

 

 

3.1 Methodology 

 

The methodology comprises different field techniques and laboratory techniques 

i.e., Field work, thin section and microscopy for petrographic study, and scanning electron 

microscopy. 

To achieve the mentioned objectives the following methodology was adopted: 

1. Field Work 

2. Laboratory Work 

 

3.1.1 Field Work: 

 

 The geological field work was conducted for the study of Habib Rahi Formation 

along the road in Shinki Post section, Sulaiman Range, (Sulaiman) Basin, North 

Waziristan, Khyber Pakhtunkhwa Pakistan to investigate the petrographic study, 

depositional environment, diagenetic processes and also to study their reservoir behavior 

in the study area. A total of 27 rock samples were collected from Habib Rahi Limestone in 

Shinki Post, among them, 22 samples were selected as representative samples. Samples 

were selected at a specific interval and on the base of lithological and textural variations. 

A measuring tape was used to determine the exposed thickness of the formation. The total 

measured thickness of the Habib Rahi Limestone was about 55m at Shinki Post, North 

Waziristan section. Field features were also observed. 
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Figure 3.1 Showing flow chart for the methodology as adopted in the research work. 
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3.1.1.1 Field Description of Eocene Strata in the Study Area 

 

The Sulaiman Basin is comprised of Triassic to Recent rocks. However, this study 

is focused on the Eocene Habib Rahi Limestone of Shinki Post Section, Sulaiman Range. 

In the studied section, Ghazij Formation marks conformable lower contact of Habib Rahi 

Limestone (Fig.3.3). Ghazij Formation is composed of the variegated color of shales i.e., 

red shales, black shales, grey shales, brown shales, with thin layers of limestone, sandstone, 

siltstones, and silty claystone. Habib Rahi Limestone is comprised of cream to grey color 

hard argillaceous limestone with intercalation of marls. The total thickness of the formation 

is 56 meters. Habib Rahi Limestone is thick to thin-bedded (at an average of 1m to 9m). 

The lower portion contains thin-medium bedded limestone with interbedded marls 

(Fig.3.4). Striation is present in this part of the limestone. The middle part of the Habib 

Rahi Limestone contains medium to thick-bedded limestone and minor beds of marl. At 

some places, fractured limestone, and nodularity are also observed. At some portions, 

limestone and marl contain some macro fossils which can be seen with the naked eye. 

Alveolina and Nummulites can be observed in both upper and lower units of the study area, 

while Assilina is rare.The upper part of the formation is comprised of hard limestone 

having cream and grey in color. Calcite veins are present in this part of the formation. Grey 

marl bed can be observed at the top of the formation. Both on the weathered and fresh 

surface the color of the limestone is cream and grey while the marl is of brown and grey 

color. In the middle part of the formation macro fossils were also observed. In the studied 

section, the upper contact of Habib RahiLimestone is unconformable with the sandstone 

of Chitarwata Formation (Fig.3.3). ChitarwataFormation is composed of siltstone, 

sandstone, conglomerates, and shale. 
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Figure 3.2 Sampling location map of the study area (modified after Badshah, 2000). 

 

 

Figure 3.3 Lower conformable and upper unconformable contacts of Habib Rahi 

Limestone. 
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Figure 3.4 A field photograph of Habib Rahi Limestone with shale intercalations. 

 

 

Figure 3.5 Photograph of Habib Rahi Limestone having abundant benthic foraminifers 

fossils. 
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Figure 3.6 Photograph showing calcite veins in the Habib Rahi Limestone. 

 

Figure 3.7 Photograph showing fractures in the Habib Rahi Limestone. 
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Figure 3.8 Photograph showing nodule and fractures in Habib Rahi Limestone. 

 

3.1.2 Laboratory Work 

 

A total of 27 samples of Carbonate (Limestone) out of 22 representatively samples 

were cut into thin sectionsfor petrographic study in the thin section laboratory of (NCEG), 

University of Peshawar. Then the thin sections were studied microscopically using 

conventional plane polarized microscope. The photomicrographs of these thin sections are 

captured through DP-21 camera attached to Leica DM750P plane polarized microscope. 

The petrographic analysis of these thin sections was performed in the Petrographic 

Laboratory of Bahria University Islamabad campus. 

The allochems, matrix, and cement percentages were used to perform microfacies 

analysis, which was then classified using the Dunham classification scheme (1962). These 

petrographic data were compared to Standard Microfacies (SMF) types of Flugel (2004) 

and Wilson (1975), to interpret the depositional environments of the carbonate units. 

 

3.1.2.1 Scanning Electron Microscopy (SEM) 

 

SEM analysis produces images of analyzed samples by scanning them with a 

directed electron beam. Before analyzing the sample with an SEM instrument, the sample 

is gold coated with the help of a BIO-RAD SC502 Sputter. Various signals are produced 
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as a result of electron interactions with atoms in a sample, which contain information about 

the sample's composition and topography. These signals are then detected by a detector 

and displayed in the form of an image. The resulting image then represents variation 

in atomic number due to compositional changes, which in turn provides information about 

different mineral phases within the analyzed sample (Dilks and Garham, 1985). 

The working principle of SEM includes an electron gun with a tungsten filament 

that emits an electron beam. This beam is focused on the sample specimen by passing it 

through a series of electromagnetic lenses. As a result, some of the electrons that strike the 

sample reflect (backscattered electrons), while others refract (un-reflected) as secondary 

electrons, which are then collected by the Scintillator (sensor) when the SEM is in normal 

mode to produce an image of the sample. Only reflected electrons are collected by a 

detector (standard type collector called Scintillator- photomultiplier) when the SEM is in 

reflected mode (when a negative potential is applied to the shield/gauze, which blocks low 

energy electrons). A vacuum pump is also present in the SEM to remove air from the 

electron column. 

SEM images have high magnification, they can reveal details about micro porosity 

and crystal texture. For this dissertation, three samples are analyzed using SEM, and their 

SEM photomicrographs are captured using SemAfore Digitizer Software, Version 5.1. 

(JEOL, 1993-2008). 
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CHAPTER 4 
 

 

 

 

PETROGRAPHY 
 

 

 

 

4.1  Introduction 

 

 In 1969 Nicolas Steno for the first time used the term “Facies”. In 1838 a Swiss 

geologist AmanzGressly introduced the geological usage of the term “Facies” with its 

implication in the modern world, which indicates the sum of the lithological and 

paleontological aspects of a stratigraphic unit. Brown (1943) and Cuvillier (1952) 

refined the term as the sum of all the sedimentological and paleontological criteria 

defining a rock in a thin section. Wilson (1975) refined the concept of Cuvillier's (1952) 

depositional interpretation of facies by defining the SMF (24 standard microfacies types 

and 8 facies belt) and utilising Dunham's (1962) and Folk's (1962) classification 

combined with (Flügel, 1982) paleontological observation. As a result, the term 

microfacies can be defined as a systematic sum of sedimentological and paleontological 

data sets extracted from thin sections, polished slabs,peels, or rock samples (Flügel, 

2004). Depositional studies (based on microfacies) of Habib Rahi Limestone are relied 

on detailed geological field work, petrographic analysis, bed strata/layer characteristic 

features, organic/inorganic allochems types, and textural variations are used to 

recognize and understand conditions required for deposition of each microfacies. Each 

microfacies and is classified according to Dunham classification scheme (1962). This 

chapter aims to study the petrography, developing different microfacies, and sort out 

the feasible depositional model for Habib Rahi Limestone exposed in Shinki Post, 

Sulaiman Basin, North Waziristan. 

Dunham’s classification (1962) is more helpful for classifying hand samples 

and utilizes the percentage of mud in the rock as a proxy to energy regime and sediment 

supply. An increase in the amount of mud in the matrix may indicate either a loss in 

energy or an increase in the availability of fine-grained particles. It is a textural scheme 

determined essentially by whether the larger grains and sand-sized are in contact with 

one another or replacement cement. Grains supported rocks are classified as Grainstone, 
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which has no mud in its voids, and Packstone which have mud in the interstices 

Wackstone is classified as a mud-supported rock in which larger grains occupy more 

than 10% of the volume, and mudstone is defined as rocks that include more than 90% 

matrix. The conclusion is that grain-supported rocks developed from sediments in well-

washed environments, which are high in energy, but other forms of rock with more mud 

indicate gradually calm conditions (Davis, 1983). Boundstones are biogenic rocks that 

have been bonded together by encrusting organisms (i.e., “reef-like” fabrics). 

It should be observed that the nature of the grains involved is important in 

determining whether or not a grain-supported texture is produced. Certain biogenic 

particles, such as bivalve shells or branching corals, or algae, may comprise only 30%-

40% of the volume but still produced a grain-supported texture. By contrast, spherical 

grains would have to comprise about two-third of the volume to produce a grain-

supported texture (Davis, 1983). 

 Table 4.1 Showing Dunham classification scheme (1962). 

4.2 Methodology 

Paleoenvironments analysis of Habib Rahi Limestone is based on extensive 

field work and petrographic study.Habib Rahi Limestone consists of limestone with 

sub-ordinates marl and shale units. Allochems types, bedding characteristics, and 

textural distinction are used to interpret the depositional environments of each 

microfacies (Ali et al., 2013). Total 27 samples were collected from Limestone units in 

the study area, while shale and marl units remain un-sampled. The samples were 
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collected based on fossil contents, sedimentary structures, lithology, variation in color, 

and texture. 22 thin sections were prepared for detailed petrographic analysis, which is 

classified/named according to Dunham classification scheme (1962). For the 

interpretation of depositional environments, each microfacies is correlated with Ramp 

Microfacies (RMF) of Wilson (1975) and Flügel (2004). 

 

Figure 4.1 Litholog showing varying lithology, sample locations, microfacies types 

and environments of deposition of Habib Rahi Limestone. 
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Table 4.2 Table showing the petrographic description of allochems and matrix 

percentage of Habib Rahi Limestone, Shinki Post, North Waziristan. 
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4.3 Results  

On the basis of petrographical analysis six microfacies have been identified in Habib 

Rahi Limestone such as; 

1. Bioclastic Mudstone Microfacies (MFT-1) 

2. Foraminiferal Wackstone Microfacies (MFT-2) 

3. Wacke-Packstone Microfacies (MFT-3) 

a. Assilina Wacke-Packstone Sub-Microfacies (1A) 

b. Alveolina Wacke-Packstone Sub-Microfacies (1B) 

4. Packstone Microfacies (MFT-4) 

a. Nummulitic Packstone Sub-Microfacies (1A) 

b. Assilina Packstone Sub-Microfacies (1B) 

5. Peloidal Grainstone Microfacies (MFT-5) 

 

4.3.1 Bioclastic Mudstone Microfacies (MFT-1) 

 

Field Features 

 

The Bioclastic Mudstone Microfacies is represented by thin section number 

HRL-0, 4, 7,8,10, 12, 13, 16, 17 20, and 22. This microfacies consists of cream and 

grey colour having thin to massive bedded, fractured, and highly fossiliferous 

limestone. In some places this microfacies contains minor nodular limestone having 

minor calcite veins. 
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Petrographic Descriptions 

 

This microfacies is characterized by mudstone depositional texture. The 

petrographic description of this microfacies consists of micritic mud as a cement with 

few allochems.In some cases, micrite is re-crystalized to sparite. This microfacies 

consists of abundance amount of matrix. The average mud/matrix percentage is 94% 

while the skeletal allochems percentage is 6%. Under the microscopic observation this 

facie contains Alveolina, Nummulites, algae and broken bioclasts. The allochems 

percentage such as Nummulites 3%, Alveolina 2.5%, and algae .5%. In this facie 

fractures and veins are present which are filled by calcite. 

 

Interpretation 

 

The microfacies is characterised by lime mud, and a limited fauna, suggesting 

that it was deposited in a restricted environment on the inner shelf. This microfacies is 

associated with Wilson (1975) and Flugel (2004) RMF 19 (SMF-23) which is deposited 

in facies zone FZ-8, showing lagoonal setting. The depositional depth of Alveolina and 

Nummulites ranges from 20 to 130 meter. Deposition in very low energy environment 

is also indicated by very fine-grained siliciclasts and mud supported texture. 
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Figure 4.2: Photomicrographs showing the Bioclastic mudstone microfacies (MFT-1): 

The skeleton’s allochems of microfacies including lager benthic foraminifers, i.e., 

Nummulites Nm (in a), Alveolina (Alv in a, b, and d). The crystal of pyrite is 

represented by CP in (a, c), calcite vein is denoted by Cv in (b),conversion of micritic 

matrix into micro spar in (c) and sparry calcite is represented by Sc in (d). 

 

4.3.2 Foraminiferal Wackstone Microfacies (MFT-2) 

 

Field Features 

 

Foraminiferal Wackstone microfacies are represented by thin section number 

HRL-2, 5, 6, 7, 14, 23, and 26. At the outcrop this microfacies having cream colour of 

limestone. This microfacies consists of medium to coarse grain and thin to medium 

beds of limestone. This microfacies is highly fossiliferous. The limestone is nodular 

and fractured. These fractures are filled by the calcite crystals. 
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Petrographic Description 

 

This microfacies is dominated by micritic matrix and skeletal allochems. The 

average micrite matrix proportion is 77 percent. Under the microscope, petrographic 

observation revealed that the skeletal allochems are primarily composed of larger 

benthonic foraminifera, with an abundance of fossils. The percentage of allochems in 

this microfacies is 23%. Benthonic foraminifera assemblage includes Nummulites,Sp 

3%,  Assilina,Sp 2.5%, Milliolid 2%, Lockhartia Sp4%, Briozones 2%, Brachiopods 

2%, Recrystallized Bivalves 2%, Orbitolites2% and planktonic foraminifera 3.5%.  

This microfacies shows that some parts of the rock under microscopic observations 

shows veins and fractures which are filled by calcite. Pyrite is also present. 

 

Interpretation 

 

The deposition of this microfacies represents moderate energy conditions and 

in the middle shelf as this facie contains benthic foraminifers, planktonic foraminifera 

indicate moderate energy condition which lies in the inner shelf. This microfacies is 

corelated with Ramp microfacies type RMF-20 (SMF-9) of Wilson 1975 and Flugel 

2004. This microfacies is deposited within the facie zone FZ-7 in the open marine 

platform. 

The association of milliolids and algae suggest that deposition took place in 

warmer shallow water depth (10-15m) (Heckel, 1972), rotaliids are mostly found at a 

depth of about 20 meters. Milliolids and Alveolina persist in a shallow inner shelf 

setting. The presence of Nummulites and Assilina further suggests that this microfacies 

deposition took place under FWWB (Racey, 1994). 
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Figure 4.3: Photomicrograph showing Foraminiferal Wackstone (MFT-2): the 

allochems of such microfacies include larger foraminifers: Alveolina Alv in (a and c), 

Nummulites Nm (in a and b), Milliolids Ml in (a), Lockhartia Loc in (a), Orbitolites 

Orb (in b), Assilina sp Asl (in d), Planktonic foraminifera PF in (a), Broken bioclast Bb 

(in a) and Algae Alg (in c). Fracture porosity is represented by Fp (in d), and Stylolites 

Sl (in c). 

 

4.3.3 Wacke-Packstone Microfacies (MFT-3) 

 

The Wackstone Microfacies are divided into sub-microfacies; 

a. Assilina Wacke-Packstone Sub-Microfacies (1A)  

b. Alveolina Wacke-Packstone Sub-Microfacies (1B) 

 

4.3.3.1 Assilina Wacke-Packstone Sub-Microfacies 

 

Field Features 

 

Assilina Wacke-Packstone Microfacies is the sub-microfacies of the Wacke-

Packstone. This microfacies are represented by thin section number HRL-25. On the 
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outcrop the colour of this microfacies is cream and grey. The Assilina Wacke-Packstone 

microfacies consists of minor nodules and having medium to thick bedded fossiliferous 

limestone. 

 

Petrographic Description 

 

Petrographic description of this microfacies under the petrographic observation 

shows abundant amount of allochems. The matrix percentage of this microfacies is of 

59% while the percentage of skeletal allochems or grains are 41%. The skeletal 

allochems such as Assilina 40% and Nummulites are of 1%. Fractures and pyritization 

is also observed. 

 

Interpretation 

 

 This microfacies is characterised by the presence of lime-mud with variety of 

larger benthonic foraminifers such as Assilina and Nummulites, according to which this 

microfacies is deposited in shallow, subtidal conditions on the distal inner shelf with 

no reworking.  Such microfacies is correlated to SMF- 9 (RMF-20) of Wilson (1975) 

and Flugel (2004). Which is deposited in facie zone FZ-7. 
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Figure 4.4: Photomicrographs indicating Assilina Wacke-Packstone (MFT-3):  the 

allochems of this microfacies includes larger benthic foraminifera (LBF): Assilina sp 

Asl in (a, b, c, &d), Milliolids Ml in (b), Broken bioclast Bb in (a), and Broken shell 

fragments Bsf (in d). Crystalof pyrites is denoted by CP in (a, c, and d), Stylolitesare 

indicating by Sl (in b, d). 

 

4.3.3.2 Alveolina Wacke-Packstone Sub-Microfacies 

 

Field Features 

 

The Alveolina Wacke-Packstone Microfacies is denoted by thin section number 

HRL-24. The limestones of this microfacies are pale cream in colour, and having fine 

to medium beds. The microfacies are highly fossiliferous and having fine to medium 

coarse grains limestones. 

 

Petrographic Description 

 

Wacke-Packstone depositional texture is characterized by this microfacies. 

Microscopically, this microfacies is characterized by larger benthic foraminifera. This 

facies contains abundant amount of Alveolina fossils. The allochems percentage of this 

microfacies is 38% while the matrix percentage is 62%. The allochems or grains such 

as Alveolina 35%, Nummulites 2% and Lockhartia 1%. 

 

Interpretation 

 

Generally, Alveolina may found in shallow inner shelf or lagoon (Henson, 

1950). During the Eocene, Alveolina is found distributed on the back reef, fore reef and 

in shallow water (Ghose, 1977; Pautal. 1987), The sedimentological and 

paleontological evidences favor the deposition of these facies in the inner shelf 

environments with a depth less than 30m. The microfacies is corelated with SMF 

(standardmicrofacies type)–10 (RMF-20) of Wilson (1975) and Flugel (1982), which 

is deposited in facies zone FZ-7. 
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Figure 4.5: Photomicrographs showing Alveolina-Wacke-Packstone: the grains of this 

microfacies includes: Alveolina Sp, Alv in (a, c, d), Lockhartia Loc in (a, c, d), 

Nummulites Nm (in c), Orbitolites Orb (in a), Milliolids Ml in (b), and Algae Alg in (a, 

b, d). Stylolite is represented by Sl (in b, d) and Crystal of pyrite CP (in b). 

 

4.3.4 Packstone Microfacies (MFT-4) 

 

Packstone Microfacies are classified into sub-microfacies; 

a. Nummulitic Packstone Sub-Microfacies (1A) 

b. Assilina Packstone Sub-Microfacies (1B) 

4.3.4.1 Nummulitic Packstone Sub-Microfacies 

 

This microfacies is the sub microfacies of Packstone Microfacies which is 

represented by thin section number HRL-21. Nummulitic Packstone microfacies 

consists of cream colour. The limestone of this microfacies is highly fossiliferous. It 

contains medium to thick beds of limestone which are medium to coarse grains. Macro 

fossils are also present on the outcrop of this microfacies. 
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Petrographic Descriptions 

 

 

This microfacies is characterized by Packstone depositional fabric. Petrographic 

description of this microfacies shows abundance of Nummulitic fossils. This facie is 

dominantly composed of allochems having percentage of 87% while the percentage of 

matrix is 13%. Benthic foraminifera such as Nummulites Sp are of 87%. Bioclasts of 

Nummulites are also present. 

 

 

Interpretations 

 

The nummulitic Packstone submicrofacies is primarily composed of 

Nummulites and micritic matrix. The nummulitic foraminifers are benthic organisms 

found at depths ranging from 20 to 130 meters (Reiss and Hottinger, 1984). Nummulites 

have been documented from all across the world, and they are most common in the 

middle ramp setting (Racey, 1994; Anketell and Mriheel 2000; Racey, 2001; Vaziri-

Moghaddam et al., 2006; Adabi et al., 2008; Payros et al., 2010; Mehr and 

Adabi, 2014). However, the significant diversity of Nummulites sp. and the presence 

of a micritic matrix appear to indicate that the MFT-4 sub-microfacies are deposited in 

a lowenergy middle ramp setting. 
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Figure 4.6: Photomicrographs showing Nummulitic Packstone (MFT-4): the skeletal 

grains of this microfacies includes LBF: Nummulites Sp, (in a, b, c, d), Lockhartia Loc 

(in a, c, d), Assilina Sp Asl (in c) and broken bioclast Bb (in a, b, c, d). Crystal of pyrite 

is represented by CP (in b) and stylolitesSl (in d). 

 

4.3.4.2 Assilina Packstone Sub-Microfacies 

 

Field Features 

 

Assilina Packstone Sub-Microfacies is characterized by thin section number 

HRL-15. This microfacies is consists of yellowish cream colour. It comprises of 

medium to thick bedded limestone. This microfacies are less compacted and having 

macro fossils. The limestone of this microfacies is coarse grain and highly fossiliferous.   
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Petrographic Descriptions 

 

This microfacies is also categorized by Packstone depositional texture. In 

petrographic study this microfacies show abundance of fossils. This facie contains 

allochems with percentage of 74% while matrix percentage is 26%. Embraced larger 

benthic foraminifera like Assilina 73%, and Milliolids 1%. Microscopically fractures 

are also present in this facie. 

 

Interpretation 

 

The microfossils like Assilina sp and Ranikotalia sp suggests relatively deeper, 

normal marine, quite condition for the deposition (Racey, 1994). Assilina lives at about 

80m depth on the carbonate platform, except in restricted back-reef environments on 

the middle shelf (Geel, 2000). Milliolids live in a restricted lagoonal setting (Flugel, 

2004). However, the Packstone are generally deposited in the inner shelf setting so this 

microfacies is correlated with the standard microfacies SMF-18 and RMF-13 of Wilson 

1975 and Flugel 2004), which is deposited in the distal middle shelf environment. 
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Figure 4.7: Photomicrographs showing Assilina Packstone (MFT-4): the allochems of 

this microfacies include: Assilina Sp Asl (in a, b, c, d), Ranikotalia Sp Rs (in a, c), 

Milliolids Ml (in a), Lockhartia Loc (in b), broken bioclast Bb (in a, b) and algae Alg 

(in b). Sparrycalcite is denoted by SC in (d), while Fracture porosity Fp (in d). 

 

4.3.5 Peloidal Grainstone Microfacies (MFT-5) 

 

Field Features 

 

Peloidal Grainstone Microfacies are represented by thin section number HRL-

11. This microfacies consists of light cream and grey colour. The limestone of this 

microfacies is granular and having medium to thick bedded. It consists of nodules and 

medium to coarse grain limestone. Fractures are present.  

 

Petrographic Descriptions 

 

The petrographic description of this microfacies show lack of fossils. This 

microfacies consists a large number of grains. The allochems (Peloidal Grainstone) 

percentage of this microfacies is 90% while the percentage of matrix is 10%. 

 

Interpretation 

 

The presence of Peloidal Grainstone depositional texture suggests that this 

microfacies is deposited in the environment of carbonate sand shoals and banks 

(Burchette and Wright,1992; Flugel and Munnecke, 2010). Peloids are micritized 

bioclasts, and their inner structures are either destroyed by organism activity or worn 

during the late stage of diagenesis. Peloids are commonly occurring in the mentioned 

environment (Flugel and Munnecke, 2010). The existence of peloidal grainstone 

depositional texture shows that the prevalence of Peloids and a low percentage of 

bioclasts suggest a restricted condition of deposition on the inner ramp in a lagoonal 

environment.This microfacies is correlated with standard microfacies RMF-27 of 

Wilson (1975) and Flugel (2004). 
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Figure 4.8: Photomicrographs showing Peloidal Grainstone (MFT-5): the allochems of 

this microfacies including Peloidal grains and micritic matrix in A & B. 

 

4.4 Depositional Setting of Habib Rahi Limestone 

 

The comprising plentiful skeletal allochems, micritic matrix, vertical 

dissemination of microfacies, relationship of different flora and fauna and construed 

depositional setting of individual microfacies of Habib Rahi Limestone increase overall 

deposition in shallow-marine, sub-tidal, semi restricted, lagoonal condition of inner-

middle ramp environments (Figure 4.9). The dispersion of several larger benthic 

foraminifera and green algae, as well as other bioclasts,was investigated in the current 

study to determine the depositional environment of these predominantly micritic 

limestones. 

During the Eocene period, at the time of deposition of Habib Rahi Limestone, 

there was an abundance of larger benthonic foraminifera and miliolidssp, 

predominantly Assilina sp, Alveolina sp, Nummulites, & Discocyclina (Mehr and 

Adabi 2014). Nummulites sp. were found in a variety of open-marine settings, including 

inner, middle, and even outer ramp settings (Racey, 2001; Beavington-Penney and 

Racey 2004). Relatively small lenticular to subglobular Nummulites occurs in inner 

ramp environments, frequently with Miliolids, Alveolina, and green algae, while large 

fat and discoidal Nummulites are found in moderately greater depths of middle to outer 

ramp environments, often with equally shaped Assilina sp. (Racey, 2001; 

BeavingtonPenney and Racey 2004; Vaziri-Moghaddam 2006). 

Nummulites of medium to large size and lenticular-globular shapes prefer to 

live on middle ramps (Adabi et al., 2008). These regional patterns, with little variations, 
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can be found in some early ramps (Sinclair et al. 1998). Racey (1994) suggested 

idealized faunal relationships with carbonate shelfenvironment during the Eocene 

period. The imperforate to perforate benthic foraminifera ratio is high in the proximal 

part of the inner ramp setting but decreases towards the distalportion of the middle 

shelf (Racey, 2001). As a result,larger benthic foraminifers are a useful indicator for 

modeling paleo-environments and reservoir potential in shallow-marine environments 

(Geel 2000; Racey 2001), and they are excellent markers for facies interpretation (Mehr 

and Adabi, 2014). Large benthic foraminifers and green algae were important carbonate 

builders in shallow marine ramp environments all over the world during the Eocene 

period (Racey, 2001; Wilson and Vecsei, 2005; Payros et al., 2010; Mehr and Adabi, 

2014). The presence of benthic foraminifers in all microfacies indicates that they were 

deposited in the photic zone. Because they all have a symbiotic relationship with algae, 

benthonic larger foraminifers are now limited to the photic zone. Temperature and 

nutrient supply at greater depths, as well as photoinhibition and salinity near the sea 

surface, restrict the distribution of these foraminifera along the photic 

gradient(Hottinger, 1997; Hohenegger, 2000, 2004; Barattolo et al., 2007). 

Nummulites are associated with eutrophic-oligotrophic conditions because the 

majority of their energy is considered to be derived from their symbiotic algae 

(Beavington Penney and Racey 2004; Swei and Tucker 2012). Dasycladale algae are 

found in warm water at shallower depths of only a few meters, where low water 

turbulence favors the presence of algae, particularly in semi restricted lagoonal and 

ramp environments. When compared to other Tethyan carbonate ramps, the presence 

of LBF in the Habib Rahi Limestone supports the preservation of a tropical to 

subtropical climate throughout deposition of this Formation (Buxton and Pedley 1989). 

Based on several recognized microfacies assemblages observed in Habib Rahi 

Limestone, delicate foraminifers to Algal dominated carbonate ramp depositional 

model is proposed for this formation (Figure 4.9). 
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Figure 4.9 Proposed depositional model for Habib Rahi Limestone (modified after 

Flugel, 2010). 
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CHAPTER 5 

 

 

 

 

DIAGENESIS AND RESERVOIR CHARACTERISTICS 

 

 

 

 

5.1 Diagenetic Fabrics of the Habib Rahi Limestone 

 

The diagenetic fabrics of the Habib Rahi Limestone were investigated to determine 

their diagenetic setting and the impact of diagenetic phases on the potential of the reservoir. 

The cross-cut relation serves as the foundation for the chronological sequence of diagenetic 

phases. Petrographic studies revealed that the Habib Rahi Limestone had been affected by 

a variety of diagenetic processes such as micritization, compaction, sparitization, 

cementation, Pyritization, recrystallization, stylolite, fracturing, and vein formation. Below 

is a detailed description of each diagenetic fabric. 

  

5.1.1 Micritization 

 

Micritization, also known as degrading recrystallization, takes place at the 

sediment-water interface when skeletal and non-skeletal grains are transformed and 

destroyed into structureless and homogeneous masses of transparent to opaque massive 

micrite under low energy conditions (Khalifa, 2005; Abu-El Ghar et al. 2015; Adams and 

MacKenzie 1998; Tucker and Wright 1990; Flügel, 2010). Micritization, which occurs in 

two phases, is the most essential and earliest diagenetic event in the Habib Rahi Limestone 

i.e., (i) Bioclast micritization occurs when micrites occupy the chambers of bioclasts 

(Figure 5.1), (Bathurst, 1975; Vincent, et al. 2007), (ii) Endolithic algae's repetitive activity 

on carbonate grain surfaces indicates the formation of micritic envelopes around bioclasts 

and other grains (Vincent, 2001; Carols, 2002; Vincent et al. 2007; Brigaud et al. 2009). 

Micritization is noted in almost all samples of the Habib Rahi Limestone. The 

analysed samples are highly micritized and effected both skeletal grains and non-skeletal 

particles. It creates narrow micritic envelopes around specific grains and destroys the 

majority of the parts with micrite patches (Figure 5.1a). Micritization is the earliest event 

in both Habib Rahi Limestone and the paragenetic sequence (Vincent et al. 2007). This 
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significant micritization in Habib Rahi Limestone shows that this process, as well as the 

resultant bioclast degradation structures, are evidence of strong microbial activity on the 

surface of carbonate grains. 

 

5.1.2 Cementation 

 

Cementation is the fundamental process by which loose particles become 

consolidated in early-stage diagenesis through the infilling of cementing materials in the 

pore spaces between these loose particles (McLane, 1995; Bathrust, 1982). In the studied 

section, Habib Rahi Limestone forms elevated ridges because it is well cemented. It is 

highly resistant to physical and chemical weathering due to its high cementation. 

Petrographically different thin sections were studied. Micritic mudstone, a product of 

early-stage marine diagenesis, is recognized as cementing material in all thin sections 

Figure 5.1b). 

Figure 5.1 Photomicrographs showing micritization (M) in A, and in B showing 

cementation (C). 

 

5.1.3 Neomorphism 

Several neomorphic processes, such as replacement and recrystallization, are observed in 

the Habib Rahi Limestone. Recrystallization of micritic matrix and bioclast is a common 

occurrence.Calcite selectively replaces bioclasts is a common occurrence (Figure 5.2). 
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. Figure5.2 Photomicrographs showing neomorphism (N) in A and B. 

 

5.1.4 Sparitization 

 

Folk introduces the term "Microspar" in 1959 to describe fine-grained inorganic 

calcite crystals having particle sizesfrom 4-30 microns (mostly 5-15microns). Micro spars, 

which often have a mosaic-like texture, must have a diagenetic origin.Petrographically, 

small white spots are observed in approximately every thin section/sample of Habib Rahi 

Limestone, which is known as a micro-spar. In Habib Rahi Limestone micro-spars are very 

common, especially in the middle and upper parts. Sparite fills the dissolution cavities in 

some portion of the thin section (Figure 5.3c). 

 

5.1.5 Pyritization 

 

The process of the development of various crystals of pyrite is referred as 

pyritization. In general, pyrite is formed under reducing conditions, most likely as a result 

of organic matter decay, which is caused by anaerobic bacteria, or a sulphate solution 

which is induced by reducing bacteria (Hudson, 1982). The crystals of pyrite were not 

visible in the outcrop. It may be owing to their small size, which is not visible tothe naked 

eye. According to petrography, the black blank spots are the crystals of pyrite. These 

crystals contain cubic and euhedral geometry. Approximately, pyrites were observed in 

most parts (figure 5.3d). The crystal sizes are too small, which could explain why they 

aren't seen at the outcrop. The abundance of pyrites suggests reducing the deep 

marine depositional environment. 
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Figure 5.3 Photomicrographs showing micro spars and sparitization in C, while in D 

showing the crystals of pyrites. 

 

5.1.6 Fracturing 

 

Secondary porosity and permeability in carbonate rocks are mostly due to 

deformational fractures. Carbonate reservoirs hold between 50–60% oil and gas reserves 

of the world (Garland et al., 2012). Fracture is a term that refers to a naturally occurring 

planner discontinuity in rock that occurs as a result of deformation or physical diagenesis 

(Nelson, 2001). During different stages of sedimentation and diagenesis, the fracture 

system appears in carbonate rocks. Stress and shear displacement produce tectonic 

fracturing and brittle failure of lithified rocks of carbonate, resulting in calcite filled veins. 

Micro fractures are also formed by extensional movements and natural hydraulic fracturing 

(Sibson, 1975). Both filled and un-filled fracturing can be seen at outcrops (Figure 5.4a), 

however, the ratio of fractures is low in some places. The low number of fractures could 

be related to the significant amount of mud and minor content of allochems. Based on 

petrography, filled and un-filled fractures were identified.The fractures are filled with 

calcite. These fractures cut across allochems and other fractures indicating that the 

occurrences are multi-staged (Figure 5.4a) 
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Figure 5.4 Photomicrographs showing the cross-cut fracture and calcite filled fracture in 

A, while in B showing fracture porosity. 

 

5.1.7 Recrystallization 

 

Due to high temperature and pressure conditions, primary rock fabrics are 

recrystallized into new fabrics later in deep burial diagenesis. Few portions of the outcrop 

were highly crystallized, due to which it is not possible to identify the primary sedimentary 

features. Well-developed crystals can be found in recrystallized portions. Recrystallization 

occurs frequently in limestone facies (figure 5.5a,b).  

 

5.1.8 Dissolution 

 

Dissolution is frequently observed at outcrop, as well as in petrography and SEM 

analysis (figure 5.7). The dissolution in Habib Rahi Limestone is divided into two stages: 

first, the dissolution of the micritic matrix during the early stages of marine diagenesis as 

a result of methane exaltations during algal organic matter decay (Flugel, 2004). This type 

of dissolution is common in mud-stone, Wackstone microfacies of lagoons, and 

mudflats.Calcite grain dissolution, cement stylolitization, and fracture enlargement 

characterise the second stage. The breakdown of the stylolites and fractures occurs after 

the early diagenetic phase because they formed during burial diagenesis. Under high 

energy shoal setting, carbonate cement precipitates in pore spaces of allochems. These 

high energy-shoal environments have a diverse variety of primary pore spaces (Flugel, 

2004). Organic matter preservation is limited because these pore spaces are constantly 

refilled with marine water. As a result, cement disintegration during the early stages of 

diagenesis may not be linked to decaying organic materials. 
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5.1.9 Stylolites 

 

The formation of stylolites is the result of a physio - chemical process caused by 

burial compaction and tectonic compression (Buxton and Duncan, 1981). Stylolites have 

significant roughness on their surfaces, as well as teeth and penlike geometries. The 

identification of stylolites on outcrop is difficult since there are stylolites, but they are too 

small to distinguish from thin fractures. Petrographically, wavy-like structures such as the 

ECG shape are known as stylolites. The stylolites in the Habib Rahi Limestone cross cut 

all of the diagenetic fabric evenly, indicating its late stage of occurrences (Figure 5.5c, d). 

Figure 5.5 Photomicrographs showing recrystallization (R) in A & B, and stylolites are 

showing in photomicrographs C & D. 

5.2 Evolution of diagenesis 

 

• The earliest stage in the Habib Rahi Limestone after deposition is micritization, and 

in in the paragenetic sequence (Vincent et al. 2007). 

• All of the allochems are well cemented, cementation took at the next early-stage of 

marine diagenesis. 
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• Pyritization occurs during the early stages of burial (Larsen and Chilingar, 1979). 

Pyrites can be found in abundance in Habib Rahi Limestone. 

• Fracture occurs at various stages in carbonate rocks (Sibson, 1975). The filled 

fractures are abundant in Habib Rahi Limestone. 

• Recrystallization can be seen in some parts of the Habib Rahi Limestone.The entire 

fabric is missing in the recrystallized portion, indicating that it happened at a late-

stage of diagenesis. 

• Stylolites form during burial or as a result of tectonic compaction (Buxton and 

Duncan, 1981). According to petrographic observations, it is a postdiagenetic feature 

because it crosscuts all fabrics. 

 

5.3 Reservoir Characterization 

 

Petrographic studies are used to conduct a qualitative reservoir assessment of the 

Eocene Habib Rahi Limestone from outcrop data. Petrographic study on microscopic and 

mesoscopic scales was used to identify the porosity types in the Habib Rahi Limestone. 

i.e., visual porosity and diagenetic features, is used. 

 

5.3.1 Macro porosity 

 

At the outcrop, large scale fractures, cavities, vugs, and stylolites were observed, 

all of which contributed to the porosity of the Habib Rahi Limestone. Fractures of varying 

sizes, spacing, pattern, and orientation were observed.The extensive interconnectivity of 

these fractures may have played a substantial role to the effective porosity. There were 

both low-amplitude and high-amplitude stylolites found. The reservoir segment of the 

Habib Rahi Limestone may be compartmentalized as a result of significant stylolitization 

with concentrated insoluble residue.Moreover, calcite precipitated by pressure solution 

maybe precipitated in fractures as well as other pores, thereby obstructing the porosity of 

unit (Ehrenberg, Morad, Yaxin, & Chen, 2016).The disintegration of allochems, matrix, 

and fractures resulted in cavities and vugs at the macroscopic level, as shown in the studies 

section. 
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Figure 5.6 Photomicrographs showing fracture porosity in both outcrop image (A) and 

thin section image (B). 

 

5.3.2 Microporosity 

 

Different types of porosity were identified using petrography and SEM analysis, 

including inter-crystalline, fracture, and dissolution porosity (Figure 5.7). SEM analysis 

revealed the intergranular porosity (Figure 5.8).Micro pores between the small grains 

comprise the intergranular porosity. In the micritic matrix, it was equally distributed. The 

dissolution of allochems, matrix, cement, and fractures were revealed by SEM and 

Petrographic analysis. Under the microscope and SEM, open fractures were identified. The 

fact that these fractures are un-filled indicates that they are still in their early stages of 

development.Except for microcrystalline porosity, the most common identified porosity 

types in the Habib Rahi Limestone are secondary in origin. Fracture porosity is the most 

typically recognised secondary porosity type in the Habib Rahi Limestone, and it is crucial 

in the development of porosity and the formation of fluid flow paths. 

 

Figure 5.7 Scanning electron microscopy (SEM) photographs showing calcite with 

dissolution porosity (Dp) in A and B. 
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Figure 5.8 Photomicrographs showing the Scanning electron microscopy (SEM) of Habib 

Rahi Limestone showing calcite with intergranular porosity (Igp) and dissolution porosity 

(Dp) in A and B, (C and D). 

 

5.4 Paragenetic sequence and diagenetic environments  

The sequence of diagenetic events in carbonate rocks is determined by 

sediment, texture, grain size, pore fluid type, mineralogy and climate conditions (Tucker 

and Wright 1990; Flügel 2010). The diagenetic environments of the Habib Limestone were 

differentiated and designated as marine, meteoric, burial, and uplift realms, based on 

diagenetic characteristics, mineralogical compositions, cement types and occurrences, 

and microfabrics. Each of these diagenetic environments has unique characteristics and 

diagnostic features, which are discussed briefly below. Figures 5.9 and 5.10 indicate 

the diagenetic model and paragenetic sequence of Habib Rahi Limestone. 
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Figure 5.9 The paragenetic sequence of several diagenetic fabrics and their impact on the 

reservoir quality of Habib Rahi Limestone (modified after Ishaq et al., 2018). 

 

5.4.1 Marine diagenetic Environment  

The first generation of micritization recognises marine diagenetic environments 

(Abu-El Ghar et al. 2015). The predominant diagenetic feature recognised in Habib Rahi 

Limestone is micritization, which is thought to have formed in a marine environment. 

Micritization in the Habib Rahi Limestone is severe, with micritic envelopes as well as 

skeletal micritization which may have resulted from mechanical disintegration or 

bioerosion of large calcareous organisms, such as Nummulites, Alveolina, or algae, by 

endolithic algae (Abu-El Ghar and Hussein 2005; Khalifa 2005).  
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5.4.2 Meteoric diagenetic environment  

The carbonates were subjected to meteoric diagenesis after early marine diagenesis (Figure 

5.10). Macroscopic dissolution, granular mosaic cement, and drusy mosaic cement are 

the diagenetic features of meteoric diagenesis. These are the meteoric diagnostic indicators 

of meteoric diagenesis (Tavakoli, Rahimpour-Bonab, &Esrafili-Dizaji, 2011). Vugs and 

molds have formed as a result of the meteoric dissolution of unstable skeletal or non-

skeletal sediments. Because it has dissolved the early marine cementation, this phase of 

diagenesis predates the early marine diagenesis.Meteoric diagenesis does not enlarge or 

fill the pore spaces associated with stylolites, dolomite, and fractures, and implying that 

it predates burial diagenesis. 

5.4.3 Burial diagenetic environment  

The Habib Limestone has been passed through burial diagenesis, based on the 

observed diagenetic fabrics, chemical compaction, mechanical compaction 

recrystallization, and nodularity, show an overall burial diagenetic domain for the Habib 

Rahi Limestone, with fractures, veins, blocky and granular calcite cement, stylolites and 

dissolution seams, and nodular fabric of limestone (Mahboubi et al. 2010). The burial 

diagenetic realms are divided mainly into shallow burial and deep burial, but the exact 

boundary is uncertain (Vincent et al. 2007; Flügel 2010). Mechanical compaction can also 

be affected by varying porosity reduction (Abuseda et al. 2015). The shallow burial realm 

is characterised by the features of chemical compaction such as stylolites and dissolution 

seams (Mahboubi et al. 2010; Abuseda et al. 2015). The development of nodular fabric is 

supported by both diagenetic and tectonic processes. The development of fractures, veins, 

blocky calcite,and later stage of selective dissolution of blocky cement and vein formed in 

deep burial realm. 

5.4.4 Uplifting  

After uplifting, the Habib Limestone was impacted by late diagenetic episodes, 

which resulted in the formation of fractures by the Alpine-Himalayan orogenies when the 

basin was folded and faulted during the Eocene period. Calcite cement has been used to 

fill certain fractures. The most prominent processes that contributed to secondary porosity 

in this interval are dissolution and fracturing. 
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Figure 5.10 Schematic diagenetic environments proposed for the Habib Rahi Limestone, 

a typical carbonate platform (modified after Flugel, 2010). 

 

Based on the diagenetic features discussed above, it is observed that the Habib Rahi 

Limestone, Shinki Post, North Waziristan section, went through all diagenetic 

environments, i.e., marine, meteoric, burial, and uplifting, as evidenced by the various 

phases of diagenesis observed. Each phase is distinguished by a distinct diagenetic 

environment. Micritization, dissolution, neomorphism, compaction, fracturing, 

cementation, and mechanical and chemical compaction are all used to unravel each 
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diagenetic environment. A paragenetic sequence was developed based on the relative 

timeframe of diagenesis (Figure 5.9). 

As a result of these processes, the reservoir quality of the formation has been 

affected and redistributed. Porosity has been reduced in many scenarios, while in some 

cases it has been enhanced. Porosity is increased at some intervals due to less cementation. 

Most of Pakistan's Eocene reservoirs produce hydrocarbon through fractures widened by 

partial disintegration of cement within fractures at a later stage (Figure 5.6a). In some 

cases, spar was used to seal fractures, and early-stage dissolution retained porosity that had 

already formed.Calcite partial dissolution within previously formed fracturesincreased 

secondary porosity. Compressive tectonics or burial caused the limestone fractures (e.g., 

Swennen et al. 2003; Vincent et al. 2007; Flügel 2010). In the Habib Rahi Limestone, 

minor stylolitic porosity was observed (Figure 5a). However, the porosity of Eocene 

limestone has been significantly reduced by compaction and cementation. Because of 

component grain breakage, mechanical compaction resulted in a slight increase in porosity. 

The porosity of the Eocene limestone increased as a result of dissolution. Porosity was 

reduced in the samples studied due to physical compaction caused by increasing sediment 

overburden. 

 

5.5 Diagenetic impacts on the reservoir potential 

The Habib Rahi Limestone, which is exposed in the studied area, is the best analog 

for investigating the impact of diagenesis on the reservoir quality of Early 

Eocene carbonates. The reservoir quality of the Habib Rahi Limestone's different 

lithological units has been affected by marine, meteoric, and burial diagenesis. Carbonate 

reservoir quality can be increased or degraded as a result of such modifications (Abuseda 

et al. 2015). The studied section of the Habib Rahi Limestone is composed of three 

lithological units. According to outcrop investigations, some lithological units are highly 

inter-connected fractures with varying spacing. The fractures may have increased the 

effective porosity of the units. Despite this, the presence of irregular calcite-filled veins 

has caused the fracture porosity to be destroyed. By enhancing insoluble residue, low to 

high amplitude stylolites in all strata may have separated reservoir sections at distinct 

stratigraphic levels. However, the fractures have cut over the stylolites and formed into 

intervals, allowing fractures to interconnect and thus increase the effective porosity. 

Petrographic studies have also demonstrated that diagenetic alterations have significantly 
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influenced the reservoir quality of the Habib Rahi Limestone, such as the dominance of 

micro-dissolution and micro-fractures porosities within the mudstone to packstone 

microfacies are observed. Such porosity types do not exist in grainstone microfacies. 

According to different sorts of microscopic porosities, mudstone to packstone has good 

reservoir quality, but grainstone has poor prospects. 
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CONCLUSION 

 

 

• In Habib Rahi Limestone, five microfacies are recognized which represent proximal 

inner ramp to distal middle ramp depositional environment i.e., Mudstone (MFT-

1),Foraminiferal Wackstone (MFT-2), Wack-Packstone (MFT-3) (Assilina Wack-

Packstone & Alveolina Wack-Packstone), Packstone (MFT-4) (Nummulitic Packstone 

& Assilina Packstone) and Peloidal Grainstone (MFT-5). 

• Based on diagenetic fabrics, a paragenetic sequence is established (i.e., micritization, 

cementation, dissolution, neomorphism,pyritization, chemical and mechanical 

compaction, fractures and veins) revealing that the Habib Rahi Limestone experienced 

marine, meteoric, burial, and uplift realm diagenesis. 

• The genetic porosity types (including depositional, diagenetic, and fracture) have been 

identified;fracture porosity has emerged as the dominant type of porosity.  Other types 

of porosity recognised as dissolution porosity and intergranular porosity. 

• Based on the SEM analysis, the identified microporosities are intergranular, 

dissolution, microfracture. Among these microporosities dissolution and intergranular 

are the dominant porosities that can play effective roles to act the Habib Rahi 

Limestone as a good reservoir. 

• The dissolution and fracture of the Habib Rahi Limestone increase its reservoir 

potential and make it a productive hydrocarbon reservoir, whereas other diagenetic 

features decreases its reservoir potential. 
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